ABSTRACT Double inoculation (15 h apart) of the soybean cultivar Williams with Bradyrhizobium japonicum 1-llOARS reveals a rapid regulatory plant response that inhibits nodulation of distal portions of the primary root (M Pierce, WD Bauer 1984 Plant Physiol 73: 286-290 The symbiotic association between soybean and rhizobia enables the bacteria to fix atmospheric nitrogen while living in the protective environment of a root nodule. Establishment of the symbiosis proceeds through a developmental sequence that is under control of both symbiotic partners. Regulation is a poorly understood phenomenon in all Rhizobium-legume symbioses. In clover and soybean, there are often more infections than resultant nodules (4, 10), and in some cases the response is strain x cultivar-specific (7). Position of nodules on the root system also appears to be regulated in some unknown fashion. inoculation). Nodules frequently are clustered on proximal portions of the primary roots of such plants, but some strain x cultivar interactions produce almost no clustering (2, 3, 7, 14) . Using such a system with soybean, Pierce and Bauer (11) reported the existence of a rapid regulatory response that inhibits nodulation ofdistal portions ofthe primary root following inoculation of seedlings with Bradyrhizobium japonicum. The response is not elicited by heterologous rhizobia or dead B. japonicum cells.
The symbiotic association between soybean and rhizobia enables the bacteria to fix atmospheric nitrogen while living in the protective environment of a root nodule. Establishment of the symbiosis proceeds through a developmental sequence that is under control of both symbiotic partners. Regulation is a poorly understood phenomenon in all Rhizobium-legume symbioses. In clover and soybean, there are often more infections than resultant nodules (4, 10) , and in some cases the response is strain x cultivar-specific (7) . Position of nodules on the root system also appears to be regulated in some unknown fashion. Soybean root nodules commonly are distributed near the crown of the plant under field conditions (18) . In inoculation). Nodules frequently are clustered on proximal portions of the primary roots of such plants, but some strain x cultivar interactions produce almost no clustering (2, 3, 7, 14) . Using such a system with soybean, Pierce and Bauer (11) reported the existence of a rapid regulatory response that inhibits nodulation ofdistal portions ofthe primary root following inoculation of seedlings with Bradyrhizobium japonicum. The response is not elicited by heterologous rhizobia or dead B. japonicum cells.
We partially characterized 11 unusual strains of soybean rhizobia (7) that were recovered from soils of the People's Republic of China (8) . The physiological and genetic differences between these strains and the typical soybean rhizobia, B. japonicum, are sufficient to classify them in a separate species, Rhizobiumfredii (15) . The R. fredii strains exhibit cultivar-specific nodulation of soybean genotypes, an unusual trait among soybean rhizobia (7) . We chose two R. fredii strains, USDAl91 and USDA257, and McCall soybean to extend the findings of Pierce and Bauer (11 (11) . Seeds were surface-disinfested and germinated on water agar in the dark. Groups ofthree seedlings were grown in sterilized plastic pouches (Northrup-King, Minneapolis, MN) containing N-free, Jensen's solution (17) . Plants In double inoculation experiments, the shapes of the nodulation profiles for each of the treatments were virtually the same for small and large inoculum doses. When the smaller inoculum was used, the profiles resembled those shown in Figure 1 , except that the overall heights ofthe profiles were slightly reduced (fewer nodules per plant, Table I ). Small and large inoculum regimes had little or no effect on the mean distance of primary root nodules from the RTl at 7 d after the first inoculation (Table I) Figure lB contains the nodulation profiles from plants that received strain 191 for the second inoculation. Although distinct from the shapes in Figure IA , the profiles are virtually the same whether the first inoculation consisted of strain 257 or a sham inoculum. The distribution of nodules is very broad, spanning over 4 RDU with a peak in the vicinity of one RDU from the RT2 mark. The lack of a peak at RTI when 257 was the first inoculum suggests that nodulation was due to strain 191.
Nodulation of Williams by B. japonicum I-llOARS. The shapes of the nodulation profiles from interactions involving R. fredii strains were markedly and unexpectedly different from the relatively sharp profiles reported for interactions of soybean with B. japonicum strains (11, 16) . In an effort to resolve these differences, we repeated the experiments of Pierce and Bauer (11) . Nodulation profiles from these experiments are given in (Fig. 2) .
The data from three repeated experiments were pooled to obtain the nodulation profiles shown in Figure 3 . Plants that received strain 1-1 lOARS for the first inoculation and a sham inoculum for the second inoculation yielded a profile with the expected prominent peak centered about the RT1 mark. Plants doubly inoculated with strain I-1 lOARS produced a profile with a moderate peak that is centered about the RTl mark and declines slightly in the vicinity of the RT2 mark. Plants shaminoculated and then inoculated with strain I-1 lOARS generated profiles with a moderate peak centered about the RT2 mark and very few nodules above the midpoint between RTl and RT2. Few nodules were found more than 2. (4, 7) . We exploited this distinction to test the influence of surplus infections on the regulation of nodulation, specifically asking whether strain 3185 would elicit in McCall a regulatory response similar to that described for the Williams x 1-llOARS interaction (11) . Plants inoculated first with strain 3185 and then with sham inoculum yielded a profile with a broad peak of primary root nodules at the RT1 mark followed by a gradual decline in nodules (Fig. 4) . This profile is nearly identical to that derived from plants receiving a double inoculation with strain 3185. Plants inoculated first with a sham inoculum and then with strain 3185, however, displayed a profile with a rather sharp peak just above the RT2 mark followed by a fairly sharp dropoff. Primary root nodulation in each of the treatments tapered to low levels within 2 RDU of RT1. (1) . Distribution of root nodules also is influenced by strain and cultivar interactions in field-grown soybean (6, 18) . Grubinger et al. (6) reported that depth ofnodules from the soil surface differed among cultivars, with the percentage of nodules below 15 cm ranging from 25 to 86%. Under the more controlled conditions of plastic growth pouches, nodule distribution patterns also appear to be dependent on strain x cultivar interactions (7, 14) .
Inoculation of soybean seedlings with compatible rhizobia suppresses nodulation in response to subsequent inoculation with compatible rhizobia. Using sand culture for a split-root system, Kosslak and Bohlool (9) reported an apparently translocatable suppression when the interval between inoculation of the two portions of the root system was at least 4 d (the minimum time interval they studied). Studying young (<10 d) soybean seedlings grown in plastic pouches, Bhuvaneswari et al. (2) determined that nodulation ofthe primary root is developmentally restricted to the zone of immature cells just behind the growing root tip. As this zone moves acropetally, the infectibility of maturing cells is reduced so that the resultant nodulation profile forms a sharp peak near the original site ofthe root tip and then rapidly declines to a low level on distal portions of the primary root (2, 4). Bhuvaneswari et al. (2) hypothesized that the diminution of distal nodulation might be controlled by a fast acting regulatory mechanism ofthe host. Pierce and Bauer (11) tested this hypothesis by supplying seedlings with a second inoculation 15 h after the first. Inoculation with homologous rhizobia attenuates nodulation of distal portions of the primary root, even when additional inoculum is provided to the new region. The response is not elicited by heterologous rhizobia or dead B. japonicum cells. The sharply delineated nodulation profiles indicate that the plant responds quickly to inhibit nodulation of distal portions of the primary root. Takats (16) conducted similar double inoculation experiments with strain I-1 OARS and cultivar Pride and used a 10 h interval between inoculations. Although there was significant overlap among profiles from different treatments, he concluded that his data agreed with the previously hypothesized rapid regulatory response.
We sought to test whether regulation of nodulation in the interaction of McCall with R. fredii 191 is similar to that described by Pierce and Bauer (11) , and if so, whether the homologous, but nonnodulating strain 257 would elicit the regulatory response. Strain 257 forms normal infection threads and nodules on some cultivars of soybean (7) It is difficult to compare the nodulation responses reported in previous double inoculation studies because the data have been normalized and plotted differently. The RDU has been defined as the distance between the root tip and the smallest emergent root hair (16, Fig. 2 in Ref. 1 1) or as the distance of root growth between the times of the first and second inoculations (Fig. 1 (1) with Williams x I-1 lOARS, we repeated their double inoculation experiments using seeds and a culture of I-1 0OARS provided by Dr. Bauer. Our results agree in part (Fig. 2) with the previous findings, which appear to be based on a single experiment (Fig. 1 in Ref. 1 1) . However, there was considerable variation among our repeated experiments (Fig. 2) . When the data from three such experiments are combined in nodulation profiles, the regulatory response of plants doubly inoculated with strain I-1 0OARS (Fig. 3) is not as dramatic as that previously reported ( 1) . Takats (16) used strain I-1 0OARS with Pride soybean in similar experiments and obtained nodulation profiles that also differ from those reported by Pierce and Bauer (11) . Variation in the numbers of nodules elicited among repeated experiments also seems evident if one compares the y-axes of Figures 1 and 2 in Ref. 11. Pierce and Bauer (1) (Fig. 4) . Any inhibition amounts to less than one nodule per plant (Table II, Fig. 4 
